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Abstract:

The NASA Langley 0.3-m Transonic Cryogenic Tunnel has been modified in 1994,

to operate with any one of the three test gas media viz., Air, Cryogenic Nitrogen gas or
Sulfur Hexafluoride gas. This document provides the initial test results in respect of the
tunnel performance and tunnel control, as a part of the commissioning activities on the
microcomputer based controller. The tunnel can provide precise and stable control in

temperature to _< ± 0.3K in the range 80-320K in cryo mode or 300-320 K in air/SF6
mode, pressure to -_ 0.01 psia in the range 15-88 psia and Mach number to ± 0.0015 in
the range 0.150 to transonic Mach numbers up to 1.000. A new heat exchanger has been
included in the tunnel circuit and is pefforming adequately. The tunnel airfoil testing
benefits considerably by precise control of tunnel states and helps in generating high
quality aerodynamic test data from the 0.3-m TCT.
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Cross sectional area, m 2
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Aspect ratio of the model wing
Slope of lift curve for the model in the tunnel

Specific heat of tunnel gas at constant volume, kJ/kgK
Specific heat of tunnel gas at constant pressure, kJ/kgK
Specific heat of water, kJ/kgK
Diameter of i th tunnel segment, m
Segment number of the tunnel

Pressure loop proportional gain
Pressure loop integral gain
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Temperature loop integral gain
Mach loop proportional gain
Mach loop integral gain
Tunnel circuit loss factor for ith segment
Circuit loss due to model angle of attack
Length of ith tunnel segment, m
Water mass flow in the heat exchange, kg/s
Mass flow, kg/s
Tunnel test section Mach number

Mach number set point
Fan speed, rpm
Fan speed set point, rpm
Fan speed command, rpm

Tunnel total pressure, atm(or psia)
Tunnel pressure set point, atm(or psia)
Local dynamic pressure for ith segment
Universal gas constant
Local flow Reynolds number/diameter
Tunnel total temperature, K

Water inlet temperature at heat exchanger, K
Water outlet temperature at heat exchanger, K
Tunnel gas temperature set point,K
One dimensional flow velocity, m/s



Description of the 0.3-m TCT (Circa 1994):

• The NASA Langley 0.3-meter Transonic Cryogenic Tunnel was established in 1973
and has evolved over the period of 21 years. The present test section is a 13 inch by 13
inch test section with top and bottom flexible walls and a plenum chamber enclosing
the test section. The flexible walls axe used to stream line the wall to minimize the

aerodynamic wall interference effects by contouring them through 33 pairs of actuators
so as to provide minimum wall interference. The tunnel is a closed circuit tunnel with
a fan drive and the return leg sits below the testing leg, the whole tunnel being in a
vertical plane. The fan outlet leads to a return leg diffuser terminating in to a heat
exchanger. This heat exchanger was introduced in to the circuit in 1993-94 to allow heat
removal during Air mode of operation and SF6 mode operation. The heat exchanger is
made of cryogenic compatible material and hence can remain in the tunnel circuit

during cryogenic nitrogen operation. During Cryo mode of operation, the heat exchanger
is drained of water and connected to tunnel circuit to have minimal pressure difference.

The tunnel flow from the heat exchanger is taken to the first corner and second corner.
This is the section of tunnel with the largest diameter cross section. Control valves
located in this section exhaust tunnel gas to atmosphere in Cryo mode or Air mode of
operation. The second corner leads the flow in to a settling chamber. The screens in the
settling chamber streamlines the flow. The settling chamber leads into a contraction to
accelerate the flow isentropicaUy. The contraction terminates at the entrance to the test
section/plenum chamber. The test section exit flow is taken through a high speed
diffuser. Liquid nitrogen, air or sulfur hexafluoride is injected into the tunnel through
appropriate control valves in this section. The diffuser exit flow leads to the third corner
which in turn leads to the fourth corner. The fan shaft penetrates the tunnel at the
fourth corner. The multibladed fan has a set of fixed inlet/outlet guide vanes.
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0-3 Meter TCT and au='liarysystems
for operationwith three gas modes

As illustrated in the schematic above, there are (circa 1994) eight auxiliary service
system essential in the operation of the 0.3-m TCT to operate with cryogenic nitrogen
gas, air or sulfur hexafluoride. They are
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Introduction:

The NASA Langley 0.3-Meter Transonic Cryogenic Tunnel was established in 1973
(reference-I) to prove the concept that cooling the test gas in a closed circuit tunnel
down to cryogenic temperatures results in enhanced Reynolds number and reduction in

fan power for a given Mach number. With the emphasis on development of highly
optimized transonic transport aircraft, during the wamng years of 20th century, need for
transonic aerodynamic wind tunnel testing which also a_counted for proper Reynolds
number similitude was considered a high priority. In cryogenic tunnels, the flow
Reynolds number can approach realflightvalues for subscale models at desired Mach

number. Nitrogen, a major constituentof air isused as the test media and the tunnel

is cooled by injectionof liquid nitrogen which evaporates into the test gas. Warmer

excess gas is removed from the tunnel to atmosphere. This concept also allowed

independent control of tunnel dynamic pressure,and Reynolds number at any desired

Mar.h number. The proof of concept demonstrated at the 0.3-m TCT lead the way to

establishment of the National Transonic Facilityin United States (reference-2)and the

European Transonic Wind Tunnel at Cologne, Germany. Testing for aerodynamic
design in the cryogenic tunnels have shown instrumentation problems associated with
thermal stability.

The concept of using high molecular weight gas to enhance the flow Reynolds
number at ambient temperatures is an alternative to the cryogenic tunnel concept. At
NASA Langley Research Center, a program to modify the 0.3-m TCT to function with
three different test gases, namely cryogenic nitrogen, dry air and sulfur hexafloruide was

initiated in 1991. This program allows comparison of experimental high Reynolds
number aerodynamic data using cryogenic nitrogen as well as sulfur hexafluoride.

Questions about the viability of SF6 as a wind tunnel test gas including its real gas
effects remain and these need to be experimentally answered by comparing results from
two different gases on same model. A project was initiated at NASA Langley to modify
the 0.3-m TCT to function with either cryogenic nitrogen/air or heavy gas sulfur
nexanuonae, uuring 1992-1993 period, amongst many other design and development
activities, a modeling and control study of the 0.3-m TCT for use with sulfur

hexafluoride medium was made. The aim was to quantify the performance and hence
the associated control system changes (reference-3). This study also included the
possibility of operating the tunnel with air as the test medium. Both these gases, SF6
and air, required configuration changes involving addition of a heat exchanger in the
return leg of the tunnel circuit to allow removal of fan induced heat (such a feature was
not required for cryogenic operation). A control system was designed so that the tunnel
could work with any one of the three gases. Introduction of the heat exchanger affects
the cryogenic mode tunnel circuit loss characteristics. Reference-3 presents the
mathematical modelin_ of the tunnel, dynamical simulation, development of closed loop
control law and control hardware change required for operation with sulfur hexafluoride

test gas, air and cryogenic nitrogen gas. It also presents design changes to the cryogenic
mode tunnel controller working since 1988 (references 4 and 5) to accommodate the
change of gases and still provide robust tunnel control in the presence of strong
thermodynamic interaction typical of closed circuit tunnels.

During 1994, the 0.3-m TCT was recommissioned to function with all the three

gases. This document presents evaluation of the tunnel performance and controlsystem

during the closed loop control operation of 0.3-m-TCT in all the three gas modes. It
presents the automatic control code used in the microprocessor based controller as

appendices If,IIIand IV. It alsocompares the tunnel performance with allthe gases.



The tunnel gas discharge system consistsof two electrohydrauhcally operated g.lobe
valves to control flow from the big end of the tunnel and allows venting of the a_r or

gaseous-cold nitrogen to the atmosphere though a vent stack.The valves are capable of
stroke motion in lessthan a second. They provide tunnel control effectively.These

valves are used in Cryo mode as well as the Air mode of tunnel operation. This system
is interlocked to be non functional during the SF6 mode so as to prevent discharge of

SF6 to atmosphere.

A heat exchanger was introduced in the tunnel circuitduring 1993-94 period to
allow heat removal while in Air mode or SF6 mode of operation. This device isserviced

from a cooling water supply system capable of 600 gpm flow at pressures upto 60 psig.

A throttle type remotely operated diaphragm actuated water flow control valve has
been used to control the water mass flow in to the heat exchanger so as to control the

tunnel gas temperature.

A ninth ancillarysystem isthe closed circuitboundary layer suction controlsystem

is available, but is not presently operational. This system has been demonstrated

reference-3) to be capable of removing upto 4-10% of the test section mass flow
depending on the test section Mach number) and reinjectthe same mass in to the

tunnel at the down stream high speed diffuser.

Commissioning testson the 0.3-m TCT in post SF6 operationalmodifications

Air mode commissioning with heat exchanger in circuit:

_ e_mst

Dry Air Supply
200 prig

Waterlow0-600opm

0.3-Meter TCT inAir mode

The figure above illustrates the tunnel and the support auxiliary systems used for
air mode of operation. The initial tests conducted were the closed loop air pressure
control tests. The source of air is building service air at 200 psig, which is released into
the tunnel circuit continuously at a low rate of mass flow of about 0.1 lb/s. This is

presently performed manually whenever Air mode operation is required. The tunnel
builds up air pressure. The hydraulically operated discharge valves axe used to remove
excess air and control the tunnel pressure automatically. A newly developed control
subroutine 'AIR', is used to perform this control task. The pressure control law consists

of a proportional integralcontrol law with gain scheduling.

_ 750 {( kpp(p_Pset ) +kpi ] (P'Pset)}Xexhaus t -- p-_
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1. Fan drive motor, commonfor all gasmodes,
2. Liquid nitrogen pumping/storagesystem,usedonly for cryogenicnitrogen mode,
3. Two diaphragmoperatedpneumaticvalves,usedin cryo mode,
4. Sulfur hexafluoridesupply and recovery system used for heavy gas mode,
5. Dry Air supply used in Air mode,

6. Two electrohydraulic tunnel gas discharge valves, used in cryo and air modes,
7. Heat exchanger water supply and return valves, used in SF6 and air modes,
8. SF6 supply valve and SF6 recovery valves, used in SF6 mode.

The 0.3-m TCT consists of the drive motor which is a squirrel cage water cooled

two pole induction motor driven by a variable frequency generator (10-120 Hz) having a
voltage frequency ratio of 35 v/Hz. The tunnel fan shaft penetration has a seal and oil

cooled bearings which can be kept hot while in cryogenic operation. The 0-5600 rpm
variable speed motor drives a fixed 12 bladed fan impeller with fixed guide vanes and
yields the necessary pressure ratio to sustain the tunnel flow. The fan drives all the

three gases, nitrogen, air or SF6. The maximum speed in SF6 mode necessary is only
about 2300 rpm where as in Air mode, the fan speed required is upto 5200 rpm for
transonic Mach number. The Cryo mode fan speed requirement varies from 5200
maximum at 310 K down to about 2500 at 80 K.

A liquid nitrogen storage system with two large vacuum jacketed storage tanks feed
a liquid nitrogen pump. The pump flow of 5-10 kg/s at pressures variable from 50 to 160
psig, is taken around the tunnd circuit and the unused liquid nitrogen flow is returned

to the tank through a remotely controlled diaphragm operated pneumatic pressure relief
valve. This valve can control the liquid nitrogen supply pressure to the tunnel.

A second set of remotely operated diaphragm type valves, under control of tunnel

automatic control, can inject desired amounts of liquid nitrogen into the tunnel, from
the liquid nitrogen supply bus. The liquid nitrogen valves are interlocked so that
liquid nitrogen valves do not operate while on SF6 mode.

Sulfur hexafluoride is stored in the liquid form in a supply/recovery system. This
self contained supply and recovery unit can supply sulfur hexafluoride to the tunnel by
boiling and evaporating stored SF6. Return gas can be compressed and refrigerated to
liquefy the gas for storage. The supply/recovery system is a complex modular system.
The dosed circuit SF6 system has been designed to minimize the leakage of SF6 gas to
atmosphere, as the heavy gas has the potential to be an environmental hazard as a

green house effect gas. Environmental Protection Agency guide lines dictate the
maximum leak rate allowed.

Two pneumatically controlled remotely operated diaphragm valves are used to
charge the tunnel or to recover, liquefy and store SF6. The charge and discharge rates
of the SF6 into and out of the tunnel is very slow, charge being about 0.275 kg/s and
the discharge rate is about 0.138 kg/s because of the compressor/refrigeration capacity.

Provision also has been made to connect dry process air in to the tunnel. This is
performed through a manually controlled valve and continues to charge the tunnel with
a steady air mass flow as long as the tunnel is functioning in Air mode. Excess air is

removed by the tunnel controUer as a part of the pressure control law through the
electrohydraulic discharge valves.



steady state conditions to within ±0.3 K around the set point till its capacity is
exceeded. This occurs when pressure reaches 45 psia and the Mach number exceeds
0.680. Under these conditions, the water valve is full open at 100%. The trajectories also
demonstrate the controller performance with cross coupling between the three loops.

Cryogenic mode recommissioning with heat exchanger in circuit.

Liquid Nitrogen Storage JGaseous Nitrogen end pump(50-150 psig)

exahust .[0-8 kg/s

o-8 k__ 20(X)kW Motor
600-5200 rpm

0-3 Meter TCT inCryogenicMode

The figure above illustrates the auxiliary systems used in Cryo mode of the tunnel
operation. In this mode, the tunnel was run directly using the control code 'CRYO',
using same procedures used before the tunnel modifications for heavy gas/air were
made. The control code is essentially same as the one Used prior tunnel to
modifications. The control laws are robust enough to accommodate extra circuit losses

due to the inclusion of the heat exchanger in the circuit. Precaution taken were to dry
out the heat exchanger and connect it to the tunnel stream to reduce the pressure
difference between stream and the heat exchanger. All the SF6 gas system piping was
secured shut from the tunnel as was the air supply line. The tunnel fan speed-Mach
relation, tunnel gas and structural cooling rates and other system characteristics
remained largely the same as before. The effect of extra circuit losses due to the heat
exchanger was not very evident in the tunnel operation either as increased fan speed or
motor current. Since the test section flexible walls are used, the Mach number/fan

speed relation varies as a function of model blockage and the flexwall contouring
program. Hence the variations in fan speed-Mach relation is not repeatable. Minor
changes in the fan speed/Mach relation which were observe could not establish whether
these changes were due to inclusion of the heat exchanger or the flex wall
reconfiguration. Post modification Cryo mode tunnel response plots are shown in the

figure 2. The test illustrated shows a series of temperature steps conducted while
evaluating infrared sensor based flow visualization equipment.

The figure 2 shows a cryogenic run performed with modified code and the heat
exchanger in the circuit on March 8, 1994. The tunnel run with cryogenic nitrogen
starts at ambient temperature of 300K, tunnel pressure of 17 psia and Mach number of
0.260. The tunnel pressure has been raised to 20 psia while increasing Mach number to
0.600 through steps 0.400, 0.450, 0.500 and 0.550. The tunnel temperature has been
taken from 250K to 200 K in about 25 steps, and 200K to 100K in about 50 steps. The

stability of pressure and Mach number can be seen from the trajectories. The control
accuracy is ±0.3K in temperature, -4-0.01 psia in pressure and ±0.0015 in Mach
number.



.- In the initialtests, the pressure control was realized without the fan being
operated. The tunnel pressure loop control law was fine tuned to hold the desired

pressure in the range of 16 to 80 psia to an accuracy of :i:0.01 psia around the set point.

The Mach control loop required no modifications as the gaseous nitrogen and air

are very similar in character and hence the fan speed/Mach relationshipremains the

same. Hence there was no need for any finetuning of the Mach loop, which was a copy
of the originalloop controllaw operated at 310K.

In Mach loop, Ncom =kmp(Mset-M)+kmi / (Mset-M)

In Speed loop Ncom=Nse t

The second step then was to commission the heat exchanger circuit together with
the Mach number control loop. This part of control code is new and utilizes a

feedforward d fan power in terms d equivalent water mass flow, based on 36-40 kg/s
for 100% opening of the water flow control valve. The closed loop temperature control
law is

5 2.26
Xwv= _ (Tset_Twin) + ktp(T-Tse t) +kti / (T'Tset)

The controller senses the tunnel stream temperature (T) through the chromel

alumel T25 thermocouple. The controllermanipulates the cooling water mass flow. If

the desired temperature setpoint (Tset) is higher than tunnel gas stream temperature,

more water isallowed in and viceversa.The temperature sensoris the tunnel stagnation
temperature sensor common to allmodes of operation.

The fan speed drive was brought on and was initiallytested at constant fan speed

while holding tunnel pressure constant. The temperature loop gains were tuned to
provide good temperature control. This was tested by changing the tunnel Mach

number at constant pressure.The feedforward from the fan power estimates was also

tuned. The temperature loop was evaluated upto nearly 450kW of power, by operating
the tunnel in the Air mode at 45 psia, M-0.700 and a temperature of 312K. Some

initialcommissioning responses of the Air mode operation are illustratedin figure1.

Figure i show the pressure control, temperature control and Mach number

capabilityof the controllerin Air mode conducted on February 24, 1994. The tunnel

pressure set points are 20, 32, 35 and 40 psia. The rate of pressure riseis dictated by
amount of air entering the tunnel which ismanually set by the operator.Under stable

pressure conditions, this air mass flow is exhausted out through the hydraulically
operated vent valve.The startingMach number is0.100 and has been increasedin steps

through 0.500, 0.680,0.500,0.600,0.700,0.730 and 0.750. The tunnel temperature set

points were 293 K, 302 K and 312 K. The pressure stabilityis better than ± 0.01 psia
around the set point, where as the Mach number accuracy is +0.0015 around the set

point. The temperature loop is the slowest, but stillmaintains temperature under
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The first step in the commissioning was to operate the SF6 vaporizer/injection
route simultaneously with the recovery compressor/refrigeration system. This test was

performed without having to run the fan or the cooling water system. The tunnel
pressure control law was fined tuned and checked upto 50 psia to an accuracy of better
than :1:0.01 psia of the set point. The second step involved simultaneous operation of
the fan drive and the cooling system. Since the fan sensitivity is totally different for SF6

mode, the fan speed control was checked first and then the Mach loop. This mode of
operation requires a maximum speed of about 2400 rpm for M ___1. The Mach loop was
fine tuned to provide Mach stability of _ 0.0015 around the set point.

The temperature loop was fine tuned later to realize a set point control and

temperature accuracy of ± 0.1K (Much better than the aimed ± 0.5K). The feedforward
portion of the temperature loop was also fine tuned. Typical tunnel response
characteristics are shown in figures 3 through 7.

Reference 3 details the predicted estimation of the modified 0.3-m TCT with sulfur
hexalluoride test medium and thermodynamic modeling was detailed. The

mathematical modeling and its dynamical simulation led to generation of predicted
tunnel performance as follows have been presented in reference-3.

1. Fan speed-Mach number relation based on fan performance.
2. Fan power-Mach number relation based on tunnel water temperature rise.
3. Heat exchanger model and tunnel temperature dynamics.
4. Tunnel pressure dynamics.
5. Tunnel control law synthesis and simulation.

In this section, the estimated performance from reference-3 and the experimental
commissioning results are compared. The tunnel experimental performance was
obtained from a recording of the tunnel time trajectories during initial commissioning
runs.

0.Sin TCT fan speed-Mach relationship in SF6 mode

Figure 3 shows the fan speed Mach number relationship from first four SF6 mode
runs. The experiments were conducted with an airfoil model and flexwaUs continuously
adapting for different optimum Mach numbers, where as the predicted fan speed plot
from reference 3 is based on empty test section. The experimental plots show dark

spots at which condition the tunnel was run for long periods (M=0.700 and 0.500). The
predicted curve is parallel to experimental plots but is slightly above. The shift is about
130 rpm. The experimental plots which vary amongst themselves. The li]_ely reason for
the shift is that the effective test section area is less than 0.109 m _ used in the

simulation and prediction. The flexwall activity for different Mach numbers and angles
of attack have created a band of fan speed. The tunnel choked beyond Mach 0.710 due
to the airfoil characteristics. The tunnel pressure was varied from 20 to 50 psia with

very little effect on the fan speed-Mach number relation. In summary, the predicted fan
behavior (from reference-3) agrees quite well with the experimental fan speed results,
validating the modeling and the mass flow identities of reference 3.

10



.- Heavy gas SF6 Mode commissioning

0-0.6Ibs_s

WaterIlow0-6009pm

fan

0-2300rpm

]
> I

I

0.3.-MeterTCT in SulfurHexafluorideMode

The figure above illustrates the schematic of the SF6 mode. While commissioning
the SF6 mode, the first need was to evacuate the tunnel to 0.3 psia. Lower vacuum level
could not be easily realized. This accounts for about 0.33 kg of air in the tunnel circuit,
compared to about 85 kg of SF6 at one atmosphere charge, amounting to a
concentration of 99.5% by weight at 1 atm.

The control code used in the heavy gas sulfur hexafiuoride mode has been
developed and tested. This control code uses control laws which are different from the

other two modes. The pressure control law for charging and recovery are

Xchrg= _-_kpp(Pset-P)-l-kpi/(Pset "P)}

Xrecvr'- p-_kpp (Pset-P)-i-kpi / (Pset-P) }

The temperature control law, based on use of water mass flow control is

XW'V _
15.9 P M 3

-r-i-I

20(1@ M2) 2(7-'_'1 (Tset-Twin),(_

+ ktp(T-Tse t) +kti f (T'Tset)

The Mach number control law is different from the air/cryo modes and is

Xrheo = 251,_(1-0.8M) /(Ncom-N ) with minimax dip- _ < (Nset-N) <

In Mach loop, Ncom =kmp(Mset-M)+kmi / (Mset-M)

In Speed loop Ncom-Nse t



secondcase the tunnel is at equilibrium at 29.8 psia, temperature at 309K and Mach
number at M=0.500. The tunnel pressure set point is commanded to 20 psia. The

tunnel temperature shows a mild dip transiently, but is quickly brought back to 309K.
The tunnel Mach number remains steady at 0.500 and the recovery system slowly

reduces the tunnel pressure in about 800 s (0.6 psi/minute).

Heat Exchanger performance and tmmd power consumption in air and SF6 modes:

The heat exchanger introduced in to the tunnel circuit was designed based on
certain estimates of tunnel pressure losses and heat exchange capabilities. Specifically,
the heat exchanger was designed at a maximum mass flow of 320 kg/s, dynamic
pressure of 0.152 psi,and total pressure of 6 atm (88 psia), M=0.9 to have a local

AP/_1o,_1=4.6 or AP=0.7 psi, as detailed in reference 7. The heat exchanger has been
designh'_I for mean temperature difference of 30K between mean water and gas
temperature, to remove 750kW at a tunnel mass flow of 260 kg/s of sulfur hexafluoride
gas with the tunnel total pressure at about 5 atm(74 psia).

In terms of the heat exchange, at a temperature rise of water by 4K at full mass
flow of about 600-660 gpm or 36-40 kg/s, the heat removed is about 650 kW. From the
various cases of air mode and SF6s mode operations, considerable amount of data was
gathered in respect of tunnel conditions and on the temperature rise. The power
removed by water is determined as

power= mwCwAT
where rhw=36-40 kg/s at 100% valve
Cw=4.2 kJ/kg/K

All the power estimates are based on water temperature rise under near steady
state conditions. A comparison of the power estimate from the tunnel simulation is
made with power estimates based on heat removed by water in the heat exchanger.
Figures 8, 9, 10 and 11 show the comparison. Two cases correspond to air mode
operation when the tunnel was run at different Mach numbers at 45 and 75 psia. In
Figure 8, results of air mode operation at 45 psia are compared with simulation. The
simulation and experimental fan speed match is very good. The fan power simulation
and experimental numbers also match reasonably well. It should be noted that the heat
removed by water does not correct for residual heat absorption by the 3000 kg of
aluminum which has a time constant of nearly 600 seconds. Further, the tunnel

geometry has been continuously changed in the various experimental data by flex wall
operation at different angles of attack. Figure 9 shows similar match in speed and fan
power for 75 psia tunnel pressure case. The figure 10 shows the SF6 mode data when
the pressure is 4.3 atm(63 psia).

Figure 11 compares the air mode power versus SF6 mode power. Since the
experiments were performed at different pressures, the figure shows the power
normalized to tunnel pressure in Y-axis and Mach number in X-axis. The estimated
power from simulation is also shown. For a given pressure and Mach number, the
power consumed by tunnel in SF6 mode is typically about 40% of the air mode, as can
be expected from theory. The experimental results are lower than theoretical estimates,
and as was discussed before, heat absorption by walls and possible overestimate of
tunnel circuit loss factor can explain the difference.
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Tunnel _emperature dynamics and water flow valve

The convection heat transfer efficiency of the heat exchanger introduced into the
0.3-m TCT circuit has been checked by comparing the static performance as well as
the transient response. Figure 4 shows a set point change during tunnel equilibrium
conditions. The tunnel was brought to equilibrium conditions at 307K, 29.75 psia and
M=0.712. Then the temperature set point was changed to 309 K. The water valve uses
a feedforward and drops from 80% valve opening to 40% and slowly adjusts the mass
flow to regulate temperature. The temperature step takes about 30-40 seconds to reach

the temperature control band of 0.3K. It may be noted that the tunnel pressure
increases from 20.75 upto about 29.85 due to increase of temperature. The recovery
valve pulls in the extra mass slowly and takes nearly 250 seconds to reach equilibrium.

However, the pressure reaches the error band in less than 40 seconds and is ready for
data acquisition. The tunnel Much number is not affected by the temperature change,
while the fan speed moves very slightly from 2030 to 2035 to accommodate the
temperature increase. The Mar_ number remains to within 0.0015 of set value through
out the temperature step period. The temperature control accuracy is + 0.1K around
the set point at steady state conditions, and is better than the design goal of ± 0.5 K.

Tunnel Much number dynamics and fan speed control

The tunnel fan speed control Mach number. The results of tunnel control from July
15, 1994 is illustrated in the figure 5. The tunnel was first brought to equilibrium
conditions at 30.1 psia, M=0.705 and temperature of 309.0K. The fan speed required
for equilibrium is 2130 rpm, water valve at about 58%. The tunnel Mach number set
point is changed to 0.500. The Mach number settle out to 0.500 in about 30 seconds.
The reduced fan power drops temperature transiently to 308.2K, and the water valve
drops back to about 20_. By the time the Mach number settles, the temperature is
also back to 309K. The tunnel pressure also drops to 29.8 psia during the temperature
transient and Mach transient. The charge valve injects new mass to the circuit and
builds the pressure bark to about 30.5 psia. The plot also shows a Ma_h correction to

M=0.505 from 0.500 and a pressure correction from 30.1 to 29.85 psia, with the recovery
valve active. The recovery cycle is active for nearly three minutes though the tunnel is
at the set point within 30-40 seconds after all operator commands have ceased. In
summary the the coupled close loop system responds to Mach set point change and
effectively corrects the coupled pressure/temperature transients. The Mach number
stability is within ± 0.0015 of the set value over long periods.

Pressure dynamics and charge/recovery valve control

The closed loop pressure control law uses the charge valve to increase tunnel
resident gas mass for increase of pressure, during which time the recovery valve is kept
closed. The control law uses the recovery valve, which takes the flow into the suction of

a compressor whose output is cooled and gas is refrigerated. The charge valve is kept
closed while the recovery valve is functional. Examples of tunnel pressure increase and
decrease are shown in figures 6 and 7. The pressure control accuracy is within ± 0.08
psia while the root mean squared disturbances are a little higher at ±0.1 psia due to
noise in the line. In the first case, the tunnel pressure was progressively builtup from 16
psia, 20 psia, 30 psia, 40 psia and 50 psia while the Mach number was increased in steps
0.500, 0.600 and 0.700/0.710. The temperature loops was closed only after 600 seconds
and it maintains temperature while the pressure is ramped through 20/30/40 and 50
psia. This situation corresponds to first commissioning runs for the SF6 mode. In the

11



Table I : Controller Sensor/Actuator signals

Input name Sensor Range Volt/amps

E(1) PP (P) 0-100 psia 0-5 VDC

E(2) PS (Ps) 0-100 psia 0-5 VDC
E(3) TT (T) 78-342 K 0-5 VDC

E(4) TMWL(Tm) 78-342 K 0-5 VDC
E(5) FRPM (N) 0-6400 rpm 0-5 VDC

E(6) PLQ 0-300 psig 1-5 VDC

E(7) DLP 0-5 psid 0.5 VDC

E(8)
E(9) PSF (Psf) 0-200 psia 0-5 VDC

E(10) RSF (Pb_ 0-100 psia 0-5 VDC
E(ll) TWI (Tw) 273-330 K 0-5 VDC

E(12) TWO (Th) 273-330 K 0-5 VDC
E(13) SFCN (_ 50-100% 0-5 VDC

E(14) PST(Pst ) 0-1000 psig 0-5 VDC
E(Z5)
E(16)
Output name Actuator Range drive

DAC(1) ALQ 0-100% 4-20 ma
DAC(2) ALQ 0-100% 4-20 ma

DAC(3) ALN 0-100% 0-5 VDC

DAC(4) AGV1 0-100% 1-5 VDC

DAC(5) AGV2 0-100% 1-5 VDC

DAC(6) SNRPM 0-6400 0-5 VDC

DAC(7) IQ Fan ref 5 VDC

DAC(S1
DAC(9) AISF 0-100% 4-20 ma

DAC(10) AOSF 0-100% 4-20 ms

DAC(II) AWV 0-100% 4-20 ms

DAC(12)

Sensors for cryogenic tunnel

and all except PLQ will be required

for SF 6 gas operation also

Sensors for SF 6 gas tunnel

Actuator drives for Air and

cryo modes. Only SNRPM/IQ

will be used in SF 6 gas operation

( SNRPM = 500-2500 rpm for SF6)

Actuator drives for the SF 6
mode of operation
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Figure 12 shows a typical simulation plot for the cryogenic mode of operation. No

._xperimental results are presented in this figure 12, as there was no major change in the
• cryogenic performance of the tunnel after modifications.

0.3-Meter Transonic Cryogenic Tunnel Controlle_.

The microprocessor based tunnel controller of circa 1987 was modified to function

for all the three modes of tunnel gas. The math modeling and control law development
details are presented in reference 3. The control code evolution was on the same as the

lines used in 1987 code which has provided trouble free performance for nearly six years
now. The control law codes have been compiled and executable codes are available for

use. All the three control laws have been thorougkly tested and have yielded excellent
control.

Modifications to accommodate new gases involved addition of a set of sensors to

communicate tunnel states to the controller and actuators to be driven by the
controller. The details of the new sensor/controller wiring used are shown in table I.
The new wiring details are presented in figure 13. It shows signal inputs for 13 sensors,
and drives all the seven actuators discussed previously. The details of the I/O devices
are provided in reference 3.

The controller now has three control codes called 'Cryo', 'Air' and 'SF6'. On a
power off booting of the controUer, the screen provides the choice of these three control

codes. The control codes are detailed in Appendices II, III and IV (Corresponding to
Cryo mode, Air mode and SF6 mode).

Concluding Remarks:

The 0.3-Meter Transonic Cryogenic Tunnel has been modified to work with three
different gas media viz., cryogenic nitrogen gas in temperature range 80-310K, ambient
temperature air and ambient temperature sulfur hexafluoride. This modification

involved introduction of a heat exchanger to remain permanently in the tunnel circuit.
Because of these changes, the tnnnel dosed loop controller to hold pressure,
temperature and Mach number had to be modified and the tunnel recommissioned.

This document has presented the 0.3-meter Transonic Cryogenic Tunnel operation
under closed loop control with the three different gas media. The tunnel control

accuracy remains ±0.01 psi in pressure, ±0.1 to 4-0.3 K in temperature and ±0.0015
in Mach number. The heat exchanger is performing as designed with both the circuit
loss coefficient and heat exchange efficiency adequate. The three dosed loop control
codes are performing very weU as illustrated by various figures. The tunnel circuit
losses have increased and the estimated increase of losses agree with the experimental
performance.
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solution to continuity equation, energy equation and momentum equation simplified for
one dimensional flow. The simulation methodology was developed to treat any endless
duct with a compressible gas whose thermophysical properties are known. A generalized
fan has been used with a single stage rotor and inlet/outlet guide vanes which can be

moved. This simulation is performed on a MATLAB platform.

The 0.3-m TCT is a fan driven pressure tunnel, with either water cooled heat

exchanger or a cryogenic nitrogen spray. The test medium being considered is
air/nitrogen with its well known calorically and thermally near perfect behavior and
minimal real gas effects. The tunnel, will also use heavy molecular weight gases with
their advantages of higher Reynolds number capability with lower ratio of specific heats
resulting in much reduced power requirements. In the first analysis, only air is
considered as the test medium. The flow of captive gas in a closed circuit can be

represented by well known compressible gas duct flow equations of continuity,
momentum, energy and state with isentropic relations. Since the area of the endless

tunnel duct changes around the circuit, the duct flow solutions change spatially.
Further, to account for transit time temporal effects and the spatial effects need to be
analyzed in time dimension also.

The 0.3-m TCT has been considered as a 48 segment endless duct with a fan.

Ideally, this number can be much larger. The breakup used in the present analysis is
shown in Table I. The test section has been treated as a 5 element cascade. Each

segment is associated with a volume, an area of cross section, a local circuit loss factor
based on Reynolds number, transverse mass removal or mass addition (in the case of
the test section with porous walls, the reentry stations, tunnel mass addition or removal

terms), and energy addition or removal term. To establish the tunnel spatial pressure,
temperature and Mach number profiles, the duct flow compressible equations of
continuity, momentum, energy and related isentropic identities have been used. A fan
module is essential for completing the compressible flow analysis. The basic driver for
the analysis is an adjustable mass flow term and the starting captive gas mass in the
circuit. The temperature establishes the initial pressure.

Given an initial mass flow, The total/static temperature distribution is found for
segment 1 by solving the relevant equations of continuity, momentum and energy. The
energy increment occurs due to wall heat release, in the heat exchanger segment and
the fan segment. The local mass flow rate, static pressure and local loss factor provide
the total pressure loss in the segment due to momentum effects. This solution now
provides the inlet conditions to segment 2. A tunnel state profile can thus be had for

the first 25 se.gment when the mass flow rate, initial pressure and temperature at the
fan exit are given. The exit conditions of segment 25 constitute the inlet to the fan.
Mach number is obtained by solving for M(i) in the following equation together with
associated isentropic relations, momentum and energy relations relevant to particular
module.

9_'r
_a(i)= Pk _mol_ Tr(i) P(i)M(i) A(i)3,+1

(l+Y_.IM2(i)) 2(-t-1)

for air/nitrogen -/=1.4 for SF6 "t--- i.I

With -/-1.4, the above equation is a sixth order equation with two real roots and
four complex roots. The two real roots correspond to subsonic and supersonic solutions.
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Appendix I

Tunnel Pedormanoe Simulation

The circuit loss pattern of the tunnel circuit remains constant for all the three
gases used. The loss factor has been discussed in some detail in reference 3. Inclusion of

the heat exchange with its extra circuit loss is the modified version compared to 1980's
version of the tunnel. The loss factor is discussed in the foregoing section, and a tunnel
flow mathematical simulation has been performed using a generic tunnel simulator. The

0.3-m TCT circuit has been defined as consisting of 48 cylindrical/cone segments in an
endless duct and is shown in Table II. The area, length and volume have been defined.
The circuit losses corresponding to each segment has been defined on the basis of an

equivalent ith cylindrical segment of length Li and diameter D i as follows

L i
ki --local loss factor - _ = _ _i

_i -- 0.06481- 0.01346 (log1011i) +0.00076 (log1011i)

11i - 11eynolds number/diameter -- Pi ui_ Di

This model is based on the fact that the wall surface creates a loss in the static
pressure bases on wall friction coefficient. This wall friction coefficient is a function of

local velocity, static pressure and temperature, viscosity and the flow Reynolds number
1t. based on local diameter as the chord. The expression is based on material from
re_erence 6. While the above model accounts for wall friction induced losses, the
elements like screen, heat exchanger and the corners have extra local loss factors which

need to be added. The following have been used in 0.3-m TCT modeling.

Heat exchanger AP local - 4.6

Screens AP
local = 2

Corners Ap
-_- local - 0.2

The tunnel loss factor naturally varies with the amount of skin friction on exposed
surfaces. For each segment of the tunnel, the local Reynolds number/local diameter is
estimated and the surface skin friction losses are determined. This requires the
knowledge of local static pressure, temperature and one dimensional Mach numb_r_ If
the segment has extra losses, like in a corner or for a heat exchanger, the local _ is
added to the loss factor. Boundary layer growth features can be introduced in °this
model. The model articulation in the test section is treated as a tunnel circuit loss

factor, where the local loss factor is a function of the model drag.

wing area (CL_e)2 where A r is the model aspect ratio
ka --- Atest section = Ar

The blockage factor varies as a function of the angle attack, the model size and its

aerodynamic properties specifically the slope of lift curve. For a nonlifting body, the
drag coefficient needs to be used. The sum of all the tunnel circuit loss elements result

in an estimate of the pressure loss in the circuit for a given mass flow and hence the
pressure ratio required at the fan for equilibrium flow. The simulation is based on the

15



The inlet flow in to the fan is guided through the inlet guide vane angle /_1
r_sulting in fan blade inlet angle 0_ clue to fan blade movement. After the momentum i_
increased in the fan due to its blaile properties, the fan is guided through the fan outlet

guide vanes at angle 0a. Certain losses occur in various stages due to flow and
corrections for three dime_nsional effects are required. After these corrections are made,

the fan temperature ratio, its pressure ratio and the fan efficiency can be estimated.
The numerical estimations involve calculation of the one dimensional Mach number at

the inlet and outlet of blade and fixed guide vane. The Mach number estimation calls

for solution to sixth order polynomial for air/nitrogen and 20th order polynomial for
heavy gas sulfur hexafluoride gas. Estimations also require estimation of losses, vector
component of axial flow, isentropic relation at each stage. The fan exhibits classical
features of the pressure ratio having a unimodal peak corresponding to surge line. The
pressure ratio vs flow characteristic with negative gradient is stable where as the

positive gradient refers to instability in post surge zone.

When the gas used is the diatomic perfect gas with 3'=1.4, the fan speed range for
the tunnel can be varied depending upon the temperature of the gas. At ambient
temperature, the fan speed range is 600-5000 rpm, while at O0K, the fan speed range is
600-3000 rpm. However as when the gas used is sulfur hexafluoride with a 3' _ 1.1, the
fan speed range is limited to 400-2400 rpm. The fan annulus diameters axe 0.716 and
0.432 m. Higher speed results in the fan tip speed reaching supersonic Mach numbers.

The test section has been modeled as a 5 segment unit with top and bottom wall

divergence or convergence features. The convergence allows control of Mach gradient in
the test section for a given loss pattern. In a closed circuit tunnel, under steady state
conditions, the pressure drop around the circuit is equal to the pressure rise in the fan.
The temperature ratio across the fan is equal to the cooling contribution from heat

exchanger. The net mass in the circuitremains the same. The simulation module is

required to carry out the mass flow optimization so that the pressure ratioin the tunnel

is zero around the fullcircuit.The optimization ensures that gas mass in tunnel duct
remains constant unlessremoved out of the circuit.It alsoadjuststhe temperature ratio

in the heat exchanger to match the fan temperature rise.This is feasiblewhile the
tunnel flow remains unchoked around the circuit.As the maximum Mach number in

the tunnel (usually at the test section or at tunnel choke point) the Mach number is

highly sensitiveto small increasesin mass flow. Once choke isencountered, use of mass

flow as the optimization variable is invalid.Because of the flexiblewall features,the

tunnel usually chokes in the test section. Typical simulation results of the tunnel

providing spatial pressure profile,spatial Mach number profile,the fan speed-Mach
number relation and Mach-fan power relationare shown in figures8 through 12. The

spatialprofilesshow the centerlinetotalpressure and staticpressure distributionas well
as the one dimensional Mach number distribution,for three differentgases. The power

accounts for fan efficiencyand is estimated on basis of temperature riseacross the fan

using identityrhtCpAT.

The fan speed-Mach number profilematches with the experimental data from the

tunnel for both air/Nitrogen as well as for sulfurhexafluoride. The simulation has been

performed for many temperatures and the fan power estimates match the experimental

resultsreasonably well.
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However, when the _'-I.I,the polynomial is a 20th order equation and solution for

Mar_h number has 9 pairs of complex and two real roots. For thistunnel, the subsonic
solutionisthe proper solutionto be used forthe simulation.

The fan model used in thisfirstversion of simulation isbased on a 12 bla_lesingle
stage fan with fifteenfixed inletguide vanes and ten fixed outlet guide vanes. The

angle 31 in the inletvelocity trianglebelow corresponds to fixed inletvanes. The angel

34 in tl¢%exitvelocitytrianglecorresponds to fixed outletvanes.

r

_ l_m_ '

=\

"" GUIDE
.2 VANEul

I"
=!

• *-o.........._--..... ._i_..L..........................
ur t, "..%

........ •., ROTOR

............... ....i"..',.............

I

I

Wind Tunnel Fan Flow Velocity Vectors
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Table I1:

Dist

m
0.000

0.635

1.245

1.854

2.641

3.251

4.471

5.690

6.299

6.908

8.483

9.956

11.33

11.43
11.53

11.63

11.73

11.83

11.93

12.03

12.14

12.24

12.34

12.44

12.54

12.64
12.75

12.85

12.95

13.05

13.22

13.52

13.82
14.14

14.25

14.52

14.65

15.19

15.64

15.85

16.31

16.76
17.22

17.67

18.13

19.35

20.57
21.29

_Lrea

m 2

0.254

0.282

0.357

0.437

0.516
0.566

0.816

1.006

1.108

1.168

1.168

1.162

1.149

1.112

1.042

0.948
0.833

0.719

0.597

0.496

0.404
0.328

0.267

0.219

0.178
0.148

0.123

0.113

0.109

0.109

0.109

0.109

0.109
0.115

0.130

0.145

0.152

0.189

0.210
0.240

0.284

0.330

0.379

0.434

0.455

0.455
0.394

0.253

0.3-m TCT Geometrical data

Volume
m 3

0.254

0.179

0.217

0.266
0.406

0.345

0.995

1.226

0.675

0.711

1.840

1.716

1.581

0.111
0.104

0.0948

0.0833

0.0719

0.0597
0.0496

0.0404

0.0328

0.0267

0.0219

0.0184
0.0173

0.0138

0.0129

0.0125

0.0209

0.0370

0.0370
0.0395

0.0137

0.0350

0.0188

0.0820
0.0850

0.0440

0.1104

0.1278

0.1518

0.1743

0.1996

0.5500
0.5550

0.2837

0.2530

Fan exit

Heat exchanger

Second Corner

Third corner

Flexiblewall testsection

High speed Diffuser

Fourth comer

First corner

Fan entry
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